Introduction
Crocodiles have been maintained in zoological collections probably since the time of the ancient Egyptians, but it is only within the last 20 years or so that crocodiles and alligators have been "farmed" for economic purposes. Crocodile and alligator farming for skins and meat is now increasing on a world wide basis, with at least 15 established alligator farms in Louisiana and Florida alone. However, many of these farms rely on eggs collected from the nests of wild crocodiles and alligators for their stock. With the increasing pressure on available habitat for wild crocodilians and the virtual extinction of a number of species, it is obvious that [Traduit par Ie journal] reproduction of captive-raised animals would be beneficial from both an economic and conservation point of view.
Although growth rates are higher in captive alligators than in wild alligators (Coulson et al. 1973; Chabreck and Joanen 1979; Joanen and McNease 1979) , and captive animals are usually healthy and free of disease, the eggs produced by captive alligators are generally inferior to those of wild alligators. Clutch size is smaller, percent fertility is lower, and hatching rates are considerably lower than hatching rates of eggs collected from wild alligators and artificially incubated under identical conditions (Joanen et al. 1983) . The low hatching rates in eggs from captive alligators could be due to a number of different factors: (a) accelerated reproductive maturity (captive raised alligators can reach sexual maturity in 6 years, whereas wild alligators do not reach sexual maturity until at least 10 years of age) (Joanen and McNease 1975) ; (b) too high a stocking density in the breeding pens leading to stressinduced reproductive failure; (c) nutritional deficiencies. The first two of these possibilities will take a number of years of carefully controlled breeding experiments to test. The third possibility, nutrition, is an area easily amenable to experimental manipulation and one in which there is a wealth of data from other commercially bred animals and a small amount of information on crocodilians.
Several instances of mineral and vitamin deficiency states have been reported in crocodilians in zoological collections, including instances of fatal vitamin E deficiency (Wallach and Hoessle 1968; Frye and Schelling 1973) . Joanen and McNease (1979) studied the effect of two different diets on growth rates in hatchling alligators and showed that a ground meat diet supplemented with a poultry vitamin mix is superior to a diet of ground fish plus the vitamin mix. Adult alligators fed these same diets show differences in reproductive success. Fish-fed animals produce fewer eggs than meat-fed animals, and the eggs they do lay have lower fertility and hatching rates than those from meat-fed animals. Neither group however, produces eggs with the fertility or hatchability of eggs from wild alligators (Joanen et al. 1983) .
Since a number of trace elements and vitamins have been shown to be essential for egg production and hatchability in poultry (Savage 1968; Underwood 1977) , we decided to measure a number of these substances in the blood plasma of wild and captive alligators during the reproductive season: (a) to establish baseline values for these elements in this species, and (b) to see if low egg production and poor egg quality in captive animals is associated with a deficiency or excess of any of these plasma constituents.
Materials and methods

Animals
Wild alligators were captured at night at the Rockefeller Refuge, Grand Chenier ,Louisiana, during the months of April, May, June, and JUly. Reproductive state was determined by laparotomy, and a 50-mL blood sample was taken by heart puncture using a heparinized syringe fitted with an 18 guage needle. The blood was centrifuged and the plasma stored frozen until assayed.
In southern Louisiana the reproductive cycle begins in late March and early April when the animals move from their winter habitat to the deep water canals and lakes. Active courtship takes place during late April and early May; nest construction and oviposition begin 2 to 3 weeks later. During April and May ovarian follicles increase in size from about 5 mm to a preovulatory diameter of between 40 and 45 mm. A single clutch of between 30 and 40 eggs is laid during a single night. There is no evidence of more than one clutch per year, thus the ovary remains quiescent for the remainder of the year. The male cycle follows that of the female with spermatogenesis commencing in late March and early April, culiminating in spermiogenesis in May, with rapid testicular regression in mid-June (Joanen and McNease 1975; Lance 1983; V. Lance, unpublished) .
A total of 58 wild, adult females and 25 wild, adult males was collected. The females ranged in length from 163 to 255 ern, and from 15.9 to 46.3 kg in weight. Males ranged from 185 to 325 em and 17.5 to 146 kg. The captive alligators consisted of two groups that had been hatched from artificially incubated eggs in 1972 and 1973 and maintained in seminatural outdoor enclosures from the 4th year after hatching. Pen design and egg incubation techniques have been described in detail elsewhere (Joanen and McNease 1971 , 1975 , 1979 Joanen et al. 1983) . Both groups had successfully mated and laid eggs in the year prior to the study. One group (1973 hatch) was fed ground nutria meat (Myocastor coypus) with a poultry vitamin supplement, and the other group (1972 hatch) was fed a diet of whole fish (mostly Atlantic croacker, Micropogon undulatus) with the same vitamin supplement. A feeding rate of 7 to 8% body mass per week was established as optimal (Joanen and McNease 1971) , though food was presented only once per week. The captive alligators were noosed, restrained and bled via cardiac puncture when they emerged to feed. The fish-fed group were more reluctant to feed in the presence of the investigators than the nutria-fed group; hence the number of samples obtained was smaller. After a blood sample was taken the animal was measured to the nearest ern and its tag number recorded. The nutria-fed group consisted of 43 females (189-232 cm body length) and 22 males (230-326 ern body length). Only two males and 30 females (190-243 ern body length) were sampled from the fish-fed group.
Assays
Calcium, magnesium, zinc, copper, and plasma iron were assayed on a Perkin-Elmer atomic absorption spectrophotometer, model 305B, using methods specified in the handbook supplied by the manufacturer. Selenium was measured in 1-to 2-mL plasma samples using the fiuorometric method of Olson (1969) , and vitamin E by the spectrophotometric method of Fabianek et al. (1968) . Total plasma protein was measured by the biuret method and cholesterol by the method of Clark et al. (1968) . Plasma estrogens were measured in the plasma samples from the female alligators by radioimmunoassay as previously described (Lance and Callard 1978) .
Statistics
Only about 60% of adult-size, wild female alligators reproduce in a given year (Joanen and McNease 1975) . To avoid variation not associated with reproduction, the plasma samples from the nonbreeding females were excluded from the statistical analyses for the months of April, May, and June. The data were subjected to analysis of variance on a completely randomized design 2 x 2 factorial arrangement of treatments (diet and month), followed by Duncan's multiple range test using the SAS computer package. Significant levels are given at P < 0.05. 
Results Plasma calcium, magnesium, iron, and zinc all showed significant increases in all three groups of reproductively active females during the follicular growth phase (April-May), and declined to levels not significantly different from males or nonbreeding females by July. Monthly means of plasma values for these metals for each group are given in Table 1 . Since there were no significant differences between the captive females fed fish or nutria, or between either group and wild females for these plasma constituents, the data from all females was pooled and the monthly variation was plotted as shown in Fig. 1 . Plasma copper in female alligators was not significantly different from that of male alligators and did not show any significant change with season. There were no significant differences in plasma copper among the three groups that could be attributed to diet (Table 1, Fig. 1 ).
Plasma selenium concentrations in female alligators ranged from 0.04 to 0.51 p.g/rnl.. There was no detectable seasonal variation within each group, but the fish-fed animals had significantly higher concentrations than either the nutria-fed or the wild alligators (Table 1, Fig. 2) .
The monthly variations in plasma protein, cholesterol, vitamin E and total estrogens (estradiol) values for the three groups of female alligators are presented in Table 2 . There were no significant differences among the three groups for protein, cholesterol, or estradiol, but there were significant seasonal changes associated with the reproductive cycle. All four of these constituents were higher during the follicular growth period than during the postreproductive period. Pooled monthly means, ignoring diet, are shown in Fig. 3 .
Plasma vitamin E levels in female alligators showed considerable individual variation, with values ranging from 1.0 to 48.4 ug/ml.. However, despite this variability there were significant differences due to season (Fig.  3) , and significant differences due to diet (Fig. 2) . Fish-fed alligators had significantly lower plasma vitamin E concentrations than either the wild or the nutria-fed group.
The percent fertility and percent hatching of the eggs laid by the nutria-fed and fish-fed alligators as compared with eggs collected from the nests of wild alligators are shown in Fig. 4 .
In the plasma samples from male alligators there were no significant seasonal changes detected for any of the substances assayed in either the wild or captive animals. The pooled data for the two groups, ignoring season, are presented in Table 3 . There were no significant differences in calcium, zinc, iron, protein, cholesterol, or vitamin E between the wild and the nutria-fed males. Plasma magnesium and copper were slightly, but significantly, higher in the wild than in the captive males. Plasma selenium was marginally higher in the captive males fed nutria meat than in the wild group, but the difference was not significant. 
Discussion
The results of this study show that although eggs from farm-reared alligators are considerably poorer in quality than eggs from wild alligators, this difference is not reflected in any detectable differences in the concentration of metals in the blood plasma. Plasma levels of calcium, magnesium, zinc, copper, and iron were not significantly different in wild and farm-reared female alligators during the breeding period. Furthermore, differences in diet in captive alligators, while having significant effects on egg production and egg quality, did not appear to have any effect on the plasma concentrations of these substances. It is unlikely therefore, that poor reproductive success in farm-reared alligators is due to a deficiency or excess of these metals.
Although wild females had significantly lower calcium, zinc and iron than the two groups of captive alligators in the month of June (Table 1 ), the differences were not directly attributable to diet. Most of the wild alligators captured in June had already oviposited and hence, had lower plasma vitellogenin levels. This effect was compounded by the fact that the captive alligators ovulated somewhat later than the wild alligators. Recent (0.6 ILg/mL) is about twice that found in birds, but in the same range, or slightly lower than serum or whole blood values reported in a snake (Deforge et al. 1971 ), a lizard (Beck 1956) , and three species of turtle (Musquera et al. 1978) . In the male alligators sampled however, plasma copper was slightly but significantly higher in the wild than in the captive group. This small difference may be due to the fact that a large percentage of the diet of alligators consists of crabs and crayfish (Chabreck 1971; McNease and Joanen 1977) which contain high levels of copper in the blood pigment hemocyanin. This difference, however, was not evident between wild and captive females. It is well established that estradiol secreted by the developing ovarian follicle initiates vitellogenin synthesis in the liver of egg-laying vertebrates, and that the vitellogenin is secreted into the blood and transported to the ovary where it is taken up by the developing follicle. In birds, reptiles, amphibians, and fishes this estrogendata suggests that delayed ovulation in the captive induced protein is present in very high concentration in alligators is probably related to stocking density the plasma during ovarian follicular development. Larg( T. Joanen and L. McNease, unpublished) . i~s in plasma calcium, phosphorus, total protein, The range of values for calcium, magnesium, and iron and total lIpids are charaCteristic of this vitelloenic in the nonbreeding female and male alligators sampled I2hase. Similar changes in plasma constituents -catI be in this study are in good agreement with previously elicited in immature females or in males by injection of published data for this species (Dessauer et al. 1962; estrogenic hormones (Urist and Schjeide 1961; Ho et al. Dessauer 1974) . The dramatic increases in plasma 1982). The alligator is thus similar to all other eggcalcium, magnesium, and iron seen in the plasma of J laYing ve~ebrates in that v~nesis is associated females during the follicular growth phase (April-May) with, increases in plasma calciumh ave not previously been shown in crocodilian reptiles, c.!!ole~rol, and that these-'--mereases appeas-to be though large increases in plasma calcium have been estrogen inducible. Not only are the changes in plasma reported for snakes and lizards during vitellogenesis constituents during the reproductive cycle correlan (Dessauer 1974) , and are a well-known index of egg with increases in plasma estradiol (Table 2, Fig. 3 ), but production in the domestic fowl (Urist and Schjeide similar changes can be demonstrated after estrogen 1961).
injections in immature alligators (Van Brunt and MenThe concentration of iron in the blood plasma of zies 1971; V. Lance, unpublished) . The estrogenfemale alligators and the relative increase observed inducible protein vitellogenin is known to bind calcium during vitellogenesis are remarkably similar to that seen in all species studied. The fact that plasma magnesium, in egg-laying birds (Planas 1970) . There are no iron, and zinc are also increased during vitellogenesis in published data on plasma iron and reproduction for other birds and alligators suggests that this protein may also reptilian species. bind these cations. Plasma zinc levels in the>female alligator are also A large percentage of the vitellogenin molecule is composed of lipid (Dessauer and Fox 1959) , hence the increase in plasma cholesterol seen during the follicular growth phase in the alligator. Similar increases in plasma cholesterol have been recorded in the laying hen (Mukherjee et al. 1969) . The dramatic difference between breeding and nonbreeding female alligators with respect to vitamin E levels, however, does not appear to have been reported in other egg-laying species. Whether this vitellogenin-associated increase in vitamin E is due to binding of the tocopherol to the vitellogenin molecule, or simply due to the fact that egg-producing alligators have more lipid in the plasma and hence more tocopherol remains to be determined. By whatever method the vitamin E is transported, it is obvious that large amounts get into the developing follicle, since plasma of unfed hatchling alligators has a vitamin E concentration in excess of 70 u.g/rnl, (V. Lance, unpublished) .
Although the fish-fed female alligators have significantly lower plasma vitamin E levels than both the nutria-fed and wild female alligators, and produced eggs that were clearly of lower fertility and hatchability than eggs from the other two groups, the cause of reproductive failure in captive alligators is not entirely due to a vitamin E deficiency. Nutria-fed female alligators had plasma vitamin E levels that were not significantly different from wild female alligators, but produced eggs that were of significantly poorer quality than those of wild alligators (Fig. 4) . Recent data suggest that stocking density (overcrowding) is also a major factor in reproductive failure in captive alligators (T. loanen and L. McNease, unpublished) . Nonetheless, the data do show that, as in other animals fed diets of marine fish, reproductive failure almost invariably occurs (Jensen 1968; Scott 1978) . While fish-fed alligators did have plasma vitamin E levels that were significantly lower than both nutria-fed and wild alligators, these levels would not be considered deficient by mammalian standards (Fabianek et al. 1968) . However, it is likely that a deficiency in vitamin E was responsible for the low fertility of the eggs laid by the fish-fed alligators. An animal that produces a clutch of 30-40 eggs, each weighing approximately 60 g, in a single night, would have to mobilize a considerable amount of vitamin E to ensure embryonic survival of the entire clutch. Vitamin E levels that are therefore only marginally lower with respect to normally reproducing females could be fatal for the offspring. Although none of the fish-fed females had overt symptoms of a deficiency, severe vitamin E deficiency is fairly common in crocodilians held in zoological collections. Two pairs of Morelet' s crocodile (Crocodylus moreleti) held at the Atlanta Zoo failed to produce viable eggs until taken off a diet of marine fish (Hunt 1980) , and a number of crocodilians maintained in the St. Louis Zoo and fed a diet of mackerel developed symptoms of severe vitamin E deficiency. Six of the animals died from what was diagnosed as steatitis (Wallach and Hoessle 1968) .
Selenium concentrations in the plasma of wild female alligators were not significantly different from those of males and did not show any variation throughout the reproductive cycle. The range of values encountered are similar to those seen in healthy domestic and wild mammals and birds (Underwood 1977; Van Vleet 1980; Lannek and Lindberg 1975) . It has been shown that reproductive failure in selenium and vitamin E deficient rats and chickens does not respond to selenium supplementation, but responds readily to small amounts of vitamin E. However, severe selenium deficiency in the presence of adequate amounts of vitamin E can sometimes lead to reproductive failure (Scott 1978; Tappel 1974) . The selenium status of the alligators sampled in the present study was clearly adequate, and unlikely to have been a factor in reproductive failure in the captive animals. Fish-fed alligators which produced eggs of the poorest quality had plasma selenium concentrations significantly higher than those of the wild or nutria-fed alligators (Fig. 4) . Moreover, there was no indication of a negative correlation between vitamin E and selenium. The higher levels of selenium in fish-fed animals was simply a consequence of being fed a diet high in selenium. Atlantic croaker were reported to have selenium levels of 2.8 /-lg/g dry weight (Ganapathy et al. 1978) , whereas nutria meat has a selenium concentration of only 0.04 /-lg/g wet weight (Elsey and V. Lance, unpublished) . Nutria also constitute 70% of the diet of wild alligators (McNease and loanen 1977) .
